Engineered nanomaterials consisting of multiple nanoparticles (NPs) are finding their use in fields as wide and diverse as medicine, environment, cosmetics, energy and electronics. However, health and environmental impacts of these NPs need to be discerned individually to understand their true toxicity. Due to the promising application of upcoming material like GO-ZnO nanocomposite, the toxicity of ZnO and GO NPs was evaluated and compared individually in our study. This study compares the toxicity of Graphene Oxide (GO) NPs and Zinc Oxide (ZnO) NPs synthesized by Green method and Chemical method on Drosophila melanogaster. The GO, Chemical ZnO and Green ZnO NPs were synthesized and characterized using SEM, HR-TEM, FT-IR, UV-vis, EDX, XRD and DLS studies. NPs were comparatively analyzed for their cytotoxic and neurotoxic behaviors using different assays like MTT assay, mortality rate, larval crawling and climbing assay, total protein content analysis for evaluating the toxic potential of each of these NPs at different concentrations of use. Green ZnO were found to be least cytotoxic while Chemical ZnO caused the most cell damage. GO were found to have intermediary cytotoxicity. However, a different trend was observed with neurotoxicity wherein Green ZnO reportedly affected the neuromuscular coordination the most, while GO was found to have the least affect. This study provided insights into the different toxic effects caused by GO and ZnO NPs on Drosophila as well as comparative toxic effects of Chemical vs Green ZnO NPs.
Introduction
The use of engineered nanomaterials (ENMs) based technologies is rapidly and widely increasing in the consumer based era of cosmetics and pharmaceutical industry. ENMs due to their extensive use and lack of proper disposal guidelines are increasingly becoming a threat to environmental health and safety (EHS). There is an increasing concern relating to different types of nanoparticles (NPs) synergistically affecting the EHS upon release into the environment. Many studies have been done to investigate the role of mixed NP exposure on different organisms [1, 2] . Tsugita et al. reported a synergistic macrophagic inflammatory response of SiO 2 and TiO 2 NPs [3] . ZnO and TiO 2 NPs that are widely used in cosmetic industries have been reported to have masked effect in each other's presence; wherein ZnO NPs reduced the membrane damage caused by TiO 2 on bacterial cells and TiO 2 decreased the inhibitory effect of ZnO on bacterial ATP levels [4] . Similarly, TiO 2 NPs have been reported to reduce the effect of nano-ZnO and Zn +2 ions using Danio rerio embryos [5] . Another nanocomposite system that has recently gained popularity is the ZnO-Graphene oxide (GO) nanocomposite, that is being used widely for its efficient photocatalytic and dye degradation applications due to its superior physicochemical properties and application potential for converting solar energy to chemical energy [6] [7] [8] . Studies have reported the utilization of GO-ZnO nanocomposite for photocatalytic degradation of various dyes like basic fuchsin dye [7] and methyl orange under solar irradiation [8] . Reduced GO-ZnO nanocomposites (RGO@ZnO) have also been used for various applications like reusable adsorbent for organic pollutants [9] , enhanced photocatalysis using sunlight [10] , electrocatalysis and supercapacitor applications [11] . Thus, the risk of exposure of such nanocomposites needs to be evaluated at the level of each nanoparticle individually. Many studies have also reported the combined toxic effects of ZnO-GO nanocomposite system. Ye et al. additive to S. obliquus and D. magna but antagonistic to D. rerio revealing that toxicity was species dependent. [12] . GO was reported to reduce the bioavailability and toxicity of nano-ZnO in cell viability, oxidative stress, mitochondrial depolarization, and membrane damage in human cell line A549 [13, 14] . Although considered as safe by US FDA and listed as GRAS (Generally Recognised As Safe) product, nano-ZnO has been reported to have toxic effects on different organisms using different exposure routes. The most common route of exposure being through skin or inhalation due to its use in cosmetics, pharmaceuticals and IT industries [15] . Many studies have reported ZnO NPs toxicity in mice digestive tract in which primary organs were damaged and the pathological changes induced were both size and dose-dependent [16] . The main toxicity mechanisms of ZnO NPs is the dissolvation of ZnO into free Zn +2 ionic form which can cause mitochondrial damage and disruption of cellular homeostasis leading to cell damage [17] . Internalization of ZnO NPs leading to ROS generation upon interaction with cellular membrane and development of oxidative stress upon oral dosage has been reported as main toxicity mechanisms which causes brain damage in rat and mice models [18, 19] . Moreover, physical damage due to direct interaction with cells has also been reported to cause cellular toxicity [20] . In case of GO, oxidative stress as well as interaction of GO with cells has been reported to led to increasing levels of reactive oxygen species (ROS) generation thereby causing macromolecular damage like DNA fragmentation, protein denaturation, breakdown of cell membrane lipid, etc. which in turn affects cell signaling and metabolic pathways [21] [22] [23] [24] [25] . In the real world scenario, where the risk of exposure of these NPs being released into the environment concurrently is quite high, the toxicity of these nanocomposite materials needs to be assessed individually rather than synergistically for a clearer risk discernment of these nanocomposite systems. Safety evaluation of ENMs is a necessary step towards realizing their scope in designing different nano biostructures and industrial uses thereby ensuring environment and human safety (EHS). Drosophila melanogaster was used as our model organism as offers many advantages like fast offspring turnover, high fecundity, low maintenance cost compared to other model organisms, no strict ethical guidelines for use and high throughput screening methods for detecting induced or abnormal phenotypes [26] [27] [28] . The toxicity can be assessed in all stages of development namely-embryonic, larval, pupal, and adult developmental stages and its response to NPs has been shown to be similar to that observed in mammalian models allowing to directly assess the impact of nanoparticle toxicity on the behavior or development. This study was aimed to provide insights into the different toxic effects caused by GO and ZnO NPs individually on Drosophila as well as comparative toxic effects of Chemical vs Green ZnO NPs.
Materials and methods

Synthesis of nanoparticles
2.1.1. Synthesis of graphene oxide nanoparticles 2.1.1.1. Chemicals and reagents. Graphite Flakes (99%, Sigma-Aldrich), Sodium nitrate (98%), Potassium permanganate (99%), Hydrogen peroxide (30% wt), Sulphuric acid (98%), Orthophosphoric acid (35%) were all obtained from Himedia. The synthesis of Graphene Oxide nanoparticles were done according to the method described in Marcano et al. [29] .
2.1.1.2. Method. Briefly, a 9:1 mixture of concentrated H 2 SO 4 /H 3 PO 4 (108:12 mL) was added to a mixture of graphite flakes (5.0 g, 1 wt equivalent) and KMnO4 (30.0 g, 6 wt equivalent), producing a slight exotherm to 35-40°C. The reaction was then heated to 50°C and stirred for 12 h. The reaction was cooled to room temperature and poured onto ice (400 mL) with 30% H 2 O 2 (15 mL). The mixture was then filtered through polyester mesh and then centrifuged at 9000 rpm and washed 2-3 times with double distilled water and ethanol alternately. The solid was dried overnight at 60°C overnight to obtain GO NPs.
The advantages of this method include its simpler and less time consuming procedure, no toxic gas evolution during preparation, and therefore safer to carry out in lab atmosphere for its large scale production [30] . O and constantly stirred for 10-15 min. Next, 2 ml of aqueous leaf extract of Corriandrum sativum were added into the above solution and stirred continuously for about 1 h. To this mixture, 2.0 M NaOH was added to make pH 12 resulting in a pale greenish aqueous solution. This was then placed in a magnetic stirrer for 2 h and later on filtered with Whatman filter paper no. 1 into a glass bottle. The pale green precipitate was then washed with distilled water followed by ethanol in alternate 3-4 times to get rid of any impurities by centrifugation at 9000 rpm for 20 min. A pale greenish white powder of ZnO NPs was obtained after drying at 60°C in vacuum oven over night.
2.1.2.3. Synthesis of zinc oxide nanoparticles by Chemical method. 50 ml 0.02 M aqueous Zinc acetate dihydrate solution was dissolved in 50 ml dd-H 2 O under vigorous stirring for 10-15 min. At room temperature, aqueous 2.0 M NaOH was added drop by drop to reach pH 12 and the resultant solution was then placed in a magnetic stirrer for 2 h and filtered with Whatman filter paper no.1. The white precipitate formed was washed thoroughly with distilled water followed by ethanol to remove the impurities. The precipitate was dried in a hot air oven for overnight at 60°C. Complete conversion of Zn(OH) 2 into ZnO NPs took place during drying.
Characterization of nanoparticles
Assessing the toxicology of nanoparticles is a challenging task as different particle may have different physico-chemical properties that lead to different biological effects. The characterization was done at Sophisticated Analytical Instrumentation Facility (SAIF), Panjab University, Chandigarh and Central Instrumentation Laboratories, NIPER Mohali. Therefore, the following characterization techniques were employed to nanoparticles:
UV-vis absorbance
UV-Vis analysis was done using the UV-vis-NIR Spectrophotometer Model Lambda 750 (Perkin Elmer). The nanoparticles were analyzed by dispersing in ethanol and sonicating for 5 min before analysis.
XRD analysis
The machine X-ray Diffractometer (Powder Method) Panalytical.s X.Pert Pro was used for XRD analysis of dried powdered samples. The sample patterns were recorded from 10°to 80°using Cu Kα (λ = 1.542 Å) with an accelerating voltage of 40 KV.
FT-IR analysis
Fourier transform infrared spectroscopy (FT-IR) was conducted using F.T. Infra-Red Spectrophotometer Model RZX (Perkin Elmer) to obtain an infrared spectrum of transmission of the nanoparticles. The nanoparticles were analyzed in dried powdered form.
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HR-TEM
High Resolution TEM (HR-TEM) was performed using the FEI Tecnai TF 20 UT microscope operated at 200 kV. The nanoparticles were sonicated for 3 min each before analyzing the nanoparticles. Samples were prepared by dispersing the sample in ethanol and depositing it on a hollow Copper grid coated with Carbon to increase conductivity.
EDX
Energy Dispersive X-ray Analysis was done using the FEI Tecnai TF 20 UT microscope operated at 200 kV to reveal the spectra showing peaks corresponding to the elements making up the true composition of the sample. The NPs were sonicated for 3 min before analysis and then dispersed in ethanol and deposited on a hollow Cu grid coated with Carbon.
DLS and Zeta Sizer
Particle size and zeta potential of the powdered NPs was measured by Malvern particle size analyzer (Model: Nano ZS), UK. All the nanoparticles were dispersed in 1:1 ratio of ethanol: water and were sonicated for 5 min before analysis.
Icp-ms
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was carried out for both types of ZnO NPs and GO NPs at 300 μg/ml concentration in aqueous medium to find out the concentration of ions formed to determine its cytotoxic ability.
Experimental design
The three nanoparticles (GO, G-ZnO, C-ZnO) were prepared in different dispersions of 1, 10, 50, 100, 200 and 300 μg/ml and were overlaid on surface of fly food in test culture tubes to conduct different experiments as explained below. All experiments were conducted at 25°C.
Preparation of nanoparticles dispersions
The nanoparticle dispersions were prepared by sonicating the given nanoparticles (GO, G-ZnO, C-ZnO) in double distilled water for 5 min (50 KJ/min) to prepare a stock solution of 1 mg/ml for each of these nanoparticles. Different concentrations of these stock NP dispersions were added to double distilled water to make the final concentrations of 1, 10, 50, 100, 200 and 300 μg/mL (working solutions) that were further used for dosing of flies.
Culturing of flies
The flies of strain Oregon-R that were used for this experimental work were received as a gift from Dr. Lolitika Mandal, IISER-Mohali. The fly food was optimized after certain trials to best fit the optimum growth and nutrition of the flies and it consisted of maize powder, sugar, yeast, agar, nipagin and propionic acid. The flies were transferred to new bottles periodically and the stocks were maintained at 25°C.
Nanoparticle dosing and controls
In all the experiments, 1 ml of different NP dispersions were used for dosing by overlaying it on the surface of solidified fly food. These test culture tubes were then allowed to dry for 1-2 days before adding flies to it. 2 males and 3 females were added to each vial by anaesthetizing flies using CO 2 exposure and separating under a stereomicroscope. The flies which were exposed to normal fly food (without NPs) were marked as Control and are referred to as 'Untreated Flies' throughout the experiments. All the experiments were performed in triplicates.
Rate of growth and development from egg to adult fly
The rate of development from freshly laid eggs, fed with different concentration of different NPs were studied based on the duration of post embryonic development. For assessing the duration of post -embryonic development, 2 males and 3 females were added to each test vial with different NP type and concentration. The freshly laid eggs were then analyzed and observed for their growth and developmental process based on the incubation period to reach different larval stages and adult longevity of D. melanogaster after treatment. The experiment was done in triplicates and comparisons were made with untreated or control flies.
Mortality rate
Mortality rates (MR) were measured according to Prevost et al. on groups of 5 flies/concentration of each type of nanoparticle of Drosophila melanogaster [32] . The experiment was performed in triplicates along with the untreated or control flies. Female adult flies (˜3 days old) were added to test culture tubes overlaid with different concentration of each type of NPs on food surface and were allowed to complete their development under the optimum conditions of light and temperature (25°C) over a period of 18 days. The mortality rate was estimated for each type of NP as follows:
Number of dead flies Initial number oflies 100
Crawling assay
Larval crawling ability has been widely used as a reliable parameter for analyzing any early stage changes in the crawling abilities of Drosophila larvae and also for determining the effect of drugs or particulate matter like NPs on their locomotion. The larval crawling assay becomes more vital if the expression or abolition of a gene causes mortality in pupal or adult stages and these flies may not survive to adulthood where they otherwise could have been assessed [33] .
Third instar larvae (10 per concentration/ nanoparticle) were obtained and put in 5% sucrose solution [33] along with 500 μl of each nanoparticle at different concentration and were allowed to feed for at least 45 min. Next, the flies were graded for their crawling ability using a petriplate in which graph paper was attached to the base and 2% agar was poured over it and allowed to harden. The number of 0.1 × 0.1 squares traversed by each larva per concentration per nanoparticle was recorded for 1 min interval each. The total distance travelled was then calculated and results were recorded graphically [34] .
MTT assay
Cellular viability was measured using 3-(4, 5-dimethylthiazol-2-yl)-2,5 -diphenyltetrazolium bromide (MTT) reduction assay by preparing single cell suspensions (SCC) of Drosophila adult flies. Flies were taken from each concentration of the given three nanoparticles after anaesthetizing with CO 2 exposure and a SCC of these flies was prepared after treatment with trypsin containing 1 mM EDTA and mixture of enzymes (collagenase, proteinase K and hyaluronidase) in sterile PBS [35] . The MTT assay was performed in triplicates for determining cell viability by using MTT assay kit (Sigma Aldrich).
The steps were performed according to the protocol described in the kit using different NP exposed Drosophila SCC as test samples. Different concentrations of exposed Drosophila single cell suspension (Untreated, 10, 100, 300 μg/ml) and that of untreated flies were added in different wells in a 96 well titre plate in triplicates and the plate was incubated at 37°C, 5% CO 2 for 1 h. MTT reagent was added for a concentration of 10% of the total volume. The plate was returned to the incubator and incubated for 2 more hours. Next, 100 μl of solubilisation buffer was
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Absorbance of test sample Absorbance of control 100
Climbing assay
The distance at which a third instar larva pupates from its foraging substrate is called the pupation distance. It is a measure of pupation behavior most assays have in common. Early studies of larval pupation behavior used a pupation height assay to measure the distance at which D. melanogaster larvae pupated from food in vials as well as to test the fitness/ climbing ability of larvae [36] . Many factors such as presence of moisture, texture and chemical properties of the substrate influence the site of larval pupation [36, 37] . Pupation behavior is a polygenically inherited trait wherein the changes can be attributed to either having a small number of major genes with many minor modifiers to those with many genes, each having small additive effects [38] .
3 females and 2 males in test vials were exposed to each type of NP at different concentrations and incubated at 25°C for optimum growth and development. After about 4 days, the growth of third instar larvae of F1 generation was tracked. The pupation distance of third instar larvae that succeeded in pupation was measured at each concentration for each type of NP dispersion. The data was plotted and compared with control (untreated flies). The experiment was repeated three times for each set of NP dispersions and the results were depicted graphically.
Total protein content
To understand the relation between toxicity of different NPs at different concentrations and amount of protein in treated flies, a total protein content analysis of the flies was carried out. Estimation of protein content in untreated as well as NP exposed flies was done according to Bradford method using bovine serum albumin (BSA) as a standard [39] .
2.3.9.1. Sample preparation. The larvae (10 flies/experiment; 5 replicates/group) were homogenized in 1 ml of cold homogenizing buffer (0.1 M Phosphate buffer containing 0.15 M KCl; pH 7.4). The supernatant after centrifugation at 9000 g was used for estimating total protein content of the samples [40] .
2.3.9.2. Preparation of protein reagent. Coomassie Brilliant Blue G-250 (100 mg) was dissolved in 50 ml 95% ethanol. To this solution 100 ml 85% (w/v) phosphoric acid was added. The resulting solution was diluted to a final volume of 1 L. Final concentrations in the reagent were 0.01% (w/v) Coomassie Brilliant Blue G-250, 4.7% (w/v) ethanol, and 8.5% (w/v) phosphoric acid.
Statistical analysis
All the experiments were done in triplicates and were repeated twice. Mean values and standard deviations were calculated for all observations and the graphs were plotted. Statistical analysis was performed using Student's t-test and One way ANOVA (at α = 0.05) with the control values to determine the significant values by using MS-Excel 2016. The values with p < 0.05 (*) and p < 0.01 (**) were considered to be statistically significant.
Results
Characterization of nanoparticles
UV-vis absorbance studies
The absorption spectrum of both green and chemically synthesized ZnO NPs is shown in Fig. 1(a) and (b) respectively. G-ZnO (A1) exhibits a maximum absorbance at about 357 nm while C-ZnO (A2) exhibits maximum absorbance at 206 nm depending upon the method of synthesis. The absorbance is within UV range and in agreement with the previous studies [41, 42] . The sharpness in the peak of absorption of chemically synthesized ZnO NPs indicates the monodispersed nature of the nanoparticle distribution. The absorption maxima obtained for GO (A3) at 237 nm as shown in Fig. 1(c) is in accordance with the previous studies [43, 44] . A shoulder peak at˜300 nm is obtained suggesting n→ π* transition of carbonyl group. The maximum absorption (λ max ) value indicates the degree of retention of conjugation in carbon rings in the basal planes. This is due to the fact that the more are the number of π→ π* transitions (conjugation), the lesser is the energy used for the electronic transition therefore resulting in a high λ max value [29] . can be attributed to deforming vibration of CeH bond [45] .
FT-IR analysis
EDX results
According to Fig. 3(a) and (b) , the EDX spectra of G-ZnO and C-ZnO are similar in elemental composition. Only elements Zn and O prove Toxicology Reports 6 (2019) [768] [769] [770] [771] [772] [773] [774] [775] [776] [777] [778] [779] [780] [781] that the NPs synthesized are pure and no other elemental impurities were reported. The peaks of Cu and C are due to the grid material used for analyzing the sample. The grids used were that of Cu and were coated with Carbon to increase conductivity of non-conductive samples. Fig. 3(c) represents the EDX spectra of GO. The high peak intensity of Carbon can be attributed to both the sample C (in form of Graphene Oxide) as well as C coating on the sample. Other elements are Oxygen (O) present as a proof of oxidation of graphite to GO NPs. Other small peaks that are present and not labeled may correspond to fact that the element has already been labeled or that the element does not exist in a significant amount to be taken in account.
XRD analysis
The XRD pattern of nanoparticles synthesized by Green method and Chemical method shown in Fig. 4(a) and (b) respectively were recorded on an X-ray diffractometer using Cu (kα) radiation (λ = 1.5415 Å) operating at 40 kV and 30 mA with 2θ ranging from 10°-80°. [46] . The increase in the d-spacing (4.37 Å) of Green ZnO which causes a shifting of peak corresponding to a lower 2θ value (20.25) than Chemical ZnO is due to tensile stress indicating distortion of structural planes [47] · The X-ray diffractograms of the GO samples shown in Fig. 4 (c) exhibited a distinct diffraction peak at around 11°and another at about 42-43°in accordance to Marcano et al. [29] . A very small peak located at around 2θ = 21˚, suggested small changes in the crystal structure of GO corresponding to d spacing of 3.380 Å which might be attributed to very thin RGO layers due to high degree of exfoliation.
Graphite usually exhibits basal reflection peak between 2θ = 24-26 degree with corresponding d values of 3.34 − 3.36 Å. Upon oxidation of graphite, the reflection peak as shown in Fig. 4 (c) can be seen shifted to the lower angle (at 2θ = 11.31°and d spacing = 7.81 Å) which is in accordance to results obtained by Marcano et al. [29] indicating oxidation of graphite. The increase in d-spacing is due to the intercalation of water molecules and the formation of oxygen containing functional groups between the layers of the graphite. 3.1.5.3. Graphene oxide nanoparticles. In order to probe the morphology of GO, HR-TEM was performed. Ethanol dispersion of graphene oxide was used for HR-TEM after sonicating the sample for 3 min. Fig. 7(a) HR-TEM image of GO NPs at 5000× magnification while (b) shows the HR-TEM image at 19,000× magnification. Bends and wrinkles on GO nanosheets at several places as can be seen in Fig. 7 profiles (b) and (c) may have been originated by various defects and functional groups carrying sp 3 hybridized carbon atoms, which are introduced during the oxidation process. Fig. 7 (c) HR-TEM image of GO NPs at 29,000× magnification while (d) shows the SEM image at 500× magnification. (e) HR-TEM image at 240,000× magnification clearly depicting the GO nanosheets formed. In general, GO nanosheets tended to assemble with each other and forms multilayer agglomerate.
DLS and zeta potential results
The DLS and Zeta Potential results are summarized in Table 1 . The 
ICP-MS analysis
ICP-MS analysis revealed that the concentration of ions formed by ZnO and GO NPs were less than 10% in each case and thus might not have played a significant role in contributing towards the toxicity caused by these NPs as reported elsewhere [17] . However, in our studies, the role of dissolution of NPs into respective ions is negligible as these NPs were overlaid on solidified food media and not in aqueous solution wherein the NPs would readily be dissociated into its respective ions.
Effect of nanoparticles on growth rate and development
The effect on the growth and development of the flies was recorded in Table 2 and it was observed that different NPs were affecting the growth differently at 100 μg/ml concentration. A normal/untreated fly completed its course of development in 7-8 days usually while a fly treated with Chemical ZnO NPs took more than normal time i.e. usually about 9-10 days. This in turn affected the total number of flies formed in a fixed period of time. Starting from 5 flies (2 male and 3 females in each set) initially, Chemical ZnO treated group recorded 10 flies in 15 days while the control recorded about 15 flies in 15 days. It was also observed that flies treated with Green ZnO NPs developed quickly until the larval stage but their pupation was usually slower than flies treated with GO NPs. The GO treated flies had slower development until the larval stage as compared to Green ZnO treated flies but the number of flies were almost at par with the untreated group. At the end of 15days, the Green ZnO treated flies were recorded as the highest in number i.e. 21 flies while the Chemical ZnO treated flies were 11 in number which is lower than an average of 15-17 flies in untreated samples. Flies that were exposed to GO were 15 in number, which is at par with the untreated flies.
Morphological analysis
The morphological analysis of the flies was done in terms of skin color, eye pigmentation and wings that may affect its ability to fly. A Toxicology Reports 6 (2019) [768] [769] [770] [771] [772] [773] [774] [775] [776] [777] [778] [779] [780] [781] few flies were observed to be unpigmented in 1 μg/ml Chem ZnO and 10 μg/ml and 100 μg/ml Green ZnO. Similar results have been reported by Tyagi et al. [48] . These unpigmented flies had low flight and remained stuck to the food mostly. On the other hand, the control flies were pigmented in all abdominal segments and had no flight defects. As the epidermal pigments are secreted by the cuticle, so a cuticle defect is likely the root cause of these changed phenotypes [48] . No pigmentation change was found in GO treated flies. The eye color was red in all treated as well as untreated flies consistent to the strain (Oregon R).
Mortality rate
As shown in Fig. 8 , the mortality rate percent of flies were recorded and the results revealed that highest concentration of GO NPs (100 μg/ ml and 300 μg/ml) caused 100% mortality (all flies dead) within the lowest time 16 days and 14 days respectively. This shows that high concentrations of GO NPs were lethal to the flies and the toxicity effects are concentration dependent. In comparison, all concentration of Chemical ZnO exposed and Green ZnO exposed flies took a minimum of 18 days to reach 100% mortality. Chemical ZnO are more toxic (60% mortality) than Green ZnO NPs (40% mortality) 100 μg/ml concentration after 2 weeks exposure. However, both ZnO NPs exerted almost identical toxicity at a concentration of 10 μg/ml and 300 μg/ml (80% mortality) after 2 week exposure to flies. All NPs caused mortality after about a week of exposure indicating that prolonged exposure was responsible for lethality. The control recorded about 20% mortality on the 12 th day and it reached upto 40% by the end of 18 days. Thus, the effect of NPs is directly related to time of exposure in addition to the type of NP and its concentration of exposure. The state of aggregation is greater in higher concentration of NPs, which may sometimes delay the potential toxic effects.
Larval crawling assay
The results of the larval crawling assay are shown in Fig. 9(a) . The exposure of GO nanoparticles to larvae resulted in a non-monotonic trend with the larval crawling decreasing steadily upto a concentration of 50 μg/ml and then increasing up to 200 μg/ml. the number of squares crossed by larvae exposed to 300 μg/ml of GO NPs was the least indicating fatal damage to the neuromuscular coordination of these larvae. This can be confirmed by the mortality test results, which showed these nanoparticles to be the most toxic. However, the trend with increasing concentration of exposure of both green and chemically synthesized nanoparticles is the same i.e. it decreases up to a certain concentration, and upon reaching 100 μg/ml, it gives a notable hike and then decreases again until 300 μg/ml. This indicates that both these nanoparticles affect the larvae in a somewhat similar manner although the average no. of squares crossed by larvae in green ZnO is greater than chemically synthesized ZnO nanoparticles. The concentration of 100 μg/ml is somewhat pivotal and signifies a change in neuronal activity of the larvae thereby affecting its neuromuscular coordination and hence it's crawling ability. Sometimes, the higher state of aggregation at higher concentration of NPs leading to overall increase in the size of these particles might also delay or decrease their potential toxic effects. However, further studies would be needed to quantify and assess the changes observed with such behavior in these larvae.
Climbing assay
Pupation height is a behavioral trait that has a considerable effect on the fitness of the larvae [38] . Since all the other nutritional components as well as abiotic components were the same, the differences in pupation heights can be attributed to the exposure of different NPs at different concentrations to the larvae of F1 generation. The highest pupation height was recorded in Green ZnO at 100 μg/ml concentration as shown in Fig. 9(b) . This indicates that 3 rd instar larvae of Green ZnO were engaged in prepupation behaviors such as foraging and locomotion to quite a high extent. This can be confirmed by the crawling assay results in which the third instar larvae crossed the maximum no. of squares when exposed to 100 μg/ml concentration. The average crawling was maximum in case of Green ZnO as was shown in the Fig. 9(a) . Since larvae do not feed during the wandering period, prepupation behaviors primarily depend on energy stores acquired during the foraging period of larval development (i.e., during the first, second and half of the third instar). GO NPs at lower concentrations almost mimic the pupation height of the control. However, pupation height in Chemical ZnO is more than that observed in GO NPs. Also, the larval development time plays a significant role in pupation height [49] , which confirms the early larval development (Table 2) at 100 μg/ml concentration in Green ZnO NPs than control samples or any other NPs (Chemical ZnO and GO NPs) at the same concentration. (Table 3) 3.7. MTT assay for cell viability
The MTT assay results ( Fig. 9 (c) ) revealed the percent viability of cells exposed to different NPs at different concentrations. The MTT absorbance recorded is in direct proportion to the living cells as the MTT dye preferentially stains the live cells. The highest viability percent was recorded in Green ZnO while the lowest cell viability was recorded in Chemical ZnO. This confirmed that Green ZnO caused minimum cell damage while Chemical ZnO caused highest cellular damage and is thus the most toxic at cellular level. GO NPs posed intermediate cell damage between that of Green ZnO and Chemical ZnO. Furthermore, the cell damage was concentration dependent and increased with increasing the concentration of NP exposure i.e. cellular toxicity was highest in 300 μg/ml of Chemical ZnO and lowest in 100 μg/ml of Green ZnO while the toxicity posed by GO was observed to be intermediary level. Thus, the significant drop in cell viability at higher concentrations of Chemical ZnO confirmed it to be the most toxic at cellular level.
Total protein content
The trend of total protein content is rather different with different NPs as shown in Fig. 9(d) . The protein content of flies treated with Table 2 ICP-MS analysis of nanoparticles at 300 μg/ml. Green ZnO decreases with increasing the concentration of NPs indicating the level of protein expression changed significantly at lower concentration of 10 μg/ml (p < 0.01=**) which may be attributed to the fact that NPs are lesser aggregated at lower concentration and hence cause more cytotoxicity by penetrating inside the cells. In Chemical ZnO, the trend is reversed with total protein content increasing with an increase in NP concentration. This may be due to lesser aggregation and smaller size of NPs wherein 100 μg/ml and 300 μg/ml of Chemical ZnO are significant values (p < 0.05=*). GO NPs show a somewhat similar trend and the total protein content increases with increasing concentration of NPs however, the values are somewhat closer to the control group with a significant value at 100 μg/ml (p < 0.01= **). The results show that the total protein content changes with the type of NPs used at different concentrations confirming that all these NPs are causing cytotoxicity by changing the levels of protein transcribed by some important genes.
Discussions
This is one of the few studies that are done to assess both the behavioral as well as cytotoxic effects of real world nanoparticles such as ZnO and GO NPs on Drosophila melanogaster to determine their effect individually rather than synergistically in a GO-ZnO nanocomposite system. This study interestingly points out the detrimental effects of both green and chemically synthesized ZnO NPs and GO NPs on the growth and development, crawling and climbing ability of the flies as well as their cytotoxic potential at predefined concentrations, surprisingly highlighting the toxic effects of green nanoparticles. Similar to previous studies [50] [51] [52] , we observed that the mortality rate as well as the cell viability of the flies were affected in a dose-dependent and time dependent manner.
The unique properties of nanoparticles related to its size, shape, surface area, charge, solubility, surface chemistry and dispersion factor play a key role in determining the cytotoxic potential of nanoparticles [53] [54] [55] . Different NPs have different unique properties that play a vital role in deciding their toxicity. The size of nanoparticles plays a vital role in its toxic potential [21] . In our study, GO nanosheets due to their large size and sharp edges could have caused physical damage to the cell membrane leading to the increased permeability of mitochondrial membrane causing stress thereby altering its membrane potential [21, 22] . This could have led to decreased cell viability and possible reason for mortality of F0 flies as indicated in cell viability and mortality assay respectively. Oxidative stress could also be one of the main mechanisms involved in toxicity caused by GO causing mortality in flies. The interaction of GO with cells could have led to increasing level of reactive oxygen species (ROS) generation which might have led to macromolecular damage like DNA fragmentation, protein denaturation, breakdown of cell membrane lipid, etc. which in turn affects cell signaling and metabolic pathways [21] , [23] . Oxidative stress due to increasing levels of ROS might have reduced the activity of antioxidant enzymes like catalase, SOD, or glutathione peroxidase (GSH-PX) [56] . ROS generation thus, could have been one of the mechanisms through which GO NPs could have posed cytotoxicity to Drosophila at different developmental stages of its life cycle. ZnO NPs have been reported to be neurotoxic in mice by increasing the oxidative stress level in the brain [19] . The uptake of ZnO NPs leading to ROS generation upon interaction with cellular membrane and development of oxidative stress upon oral dosage (same in case of flies) could have been the main toxicity mechanisms in this study as reported in previous studies [18, 19] . Therefore, somewhat similar mechanism might have led to an imbalance in the neuromuscular coordination of the larvae and hence increased crawling was observed in case of ZnO NPs as observed in larval crawling assay. Moreover, the mechanical and oxidative damage due to their direct interaction with cells could have also led to cytotoxicity [20] . Also, the method of synthesis played a major role towards the cytotoxic potential of ZnO NPs. The Green ZnO NPs due to their "green route" of synthesis utilised phytoconstituents as capping agent, which due to their antioxidant properties posed lesser cytotoxicity than Toxicology Reports 6 (2019) [768] [769] [770] [771] [772] [773] [774] [775] [776] [777] [778] [779] [780] [781] pure Chemical ZnO NPs as evident in cell viability and mortality rate assays. Green ZnO NPs fared the highest in larval crawling assay signifying that the neuromuscular coordination was a bit off in these NPs especially at a concentration of 100 μg/ml wherein the larval crawling was reported to be maximum. Green ZnO NPs also showed signs of early development of larval stages thereby producing greater number of flies than control set indicating that these NPs caused a stimulating effect on the growth and developmental genes of the exposed flies which may be attributed to the plant phytochemicals with antioxidant properties in comparison to chemically synthesized NPs. Chemical ZnO NPs due to its small size and different chemistry than GO NPs posed higher toxicity in cell viability assay and affected the rate of growth and development of flies. The state of aggregation of NPs also determines the toxic potential of nanoparticles in addition to the size of NPs. This could be the case for Green ZnO which although smaller in average size than Chemical ZnO NPs were found as aggregates in water as confirmed by its HR-TEM and UV-vis absorbance. Hence, state of aggregation could also have been one of the reasons due to which Green ZnO or GO NPs could not have realized their toxic potential and were found to be lesser toxic in most cases than Chemical ZnO. The state of high aggregation in Green ZnO inspite of its lesser size could be attributed to lesser viability of cells in MTT assay and affected the rate of growth and development of flies. Also, the concentration of NPs used during dosage also play a major role in determining the toxic effects of these NPs on Drosophila. The negligible dissolvation of ZnO NPs into Zn +2 ions might not have caused toxicity as explained earlier. However, all these proposed mechanisms of toxicity need to be explored further which opens up new avenues of research in this field. This study provided insights into the different toxic effects caused by GO and ZnO NPs on Drosophila as well as comparative toxic effects of Chemical vs Green ZnO NPs.
Conclusions
In summary, NPs used in this study depending upon their differential composition and physiochemical properties resulted in different biological responses in the flies and caused toxicity (either cytotoxic or neurotoxic) at different concentrations upon prolonged exposures and hence should be avoided in articles of daily use like cosmetics, food packaging, pharmaceuticals etc. and if employed elsewhere should be used at lower concentrations and within permissible limits. The high mortality rate of flies and morphological changes observed upon prolonged exposure at high concentrations provides cues towards the use of these nanoparticles in the field of insect and pest management.
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